Istituto di (Chimica Biologica e di Biochimica Applicata dell'Univer8itd di Bologna, Bologna, Italy (Received 22 September 1969) 1. The effects of thyroidectomy and of 'acute' and 'chronic' administration of thyroxine on the synthesis of folate coenzymes were studied by determining the liver contents of folate active derivatives and the enzymic activities involved in their biosynthesis. The effect of thyroxine on the same enzymes in vitro was also studied. 2. In thyroidectomized rats the liver contents of folate coenzymes did not change except for a slight decrease in the contents of 5-formyltetrahydrofolate and tetrahydrofolate compared with those in control rats. 3. In the same animals serine hydroxymethyltransferase and formyltetrahydrofolate synthetase activities decreased markedly. 4. The 'chronic' administration of thyroxine to thyroidectomized rats caused more evident variations in the liver contents offolate coenzymes and in particular a decrease in the contents of 5-formyltetrahydrofolate, tetrahydrofolate, 5(or 10)-formyl derivatives of tetrahydropteroylpolyglutamate and of 5(or 10)-formyl derivatives of pteroylpolyglutamate. 5. The enzymic activities did not show significant variations. 6. The 'acute' administration of thyroxine caused changes in the liver contents of some folate derivatives such as 10-formyldihydrofolate, 10-formylfolate, tetrahydrofolate and the 10-formyl derivative of dihydropteroylpolyglutamate. In these animals also the enzymic activities were unchanged. 7. No effect of thyroxine on enzymic activities in vitro was observed.
The administration of large doses of thyroxine as well as the feeding of thyroid powder or iodinated casein has been reported to have a remarkable effect on folate metabolism. Stokstad, Webb & Shah (1966) and Odell & Stokstad (1967) showed that rats fed on thyroid powder excreted abnormal amounts of formiminoglutamic acid, aminoimidazolecarboxamide and formate, which shows indirectly a decrease in the tissue storage of folate coenzymes involved in the metabolism of these intermediates. A similar effect was also observed in cases of thyrotoxicosis in man (Mohamed & Roberts, 1965) . and This biphasic effect has been observed mostly with activities that depend on a balance between synthetic and degradative metabolic processes of the cell (Tata, 1964) .
It is conceivable that when the hormone is present in the cells in very large amounts it acts differently to when it is present in much lower concentrations and thus masks the truephysiological mode of action. We therefore studied the effects of small doses ofthyroid hormones infolatemetabolism.
In particular both 'chronic' and 'acute' effects of thyroxine on the content of various active derivatives of folate in the liver of thyroidectomized rats were studied. Also, the enzymic activity responsible for the overall conversion of folate into H4folate,* H4folate dehydrogenase (EC 1.5. HCO-H4folate synthetase (EC 6.3.4. 3), 5,10-CH2-H4folate dehydrogenase (EC 1.5.1.5) and serine hydroxymethyltransferase (EC 2.1.2.1) were assayed.
The effect of various concentrations of thyroxine in vitro on the above-mentioned enzymic activities was also evaluated. Glucose 6-phosphate dehydrogenase (EC 1.1.1.49) activity, which is affected by thyroid hormones, was also determined in the liver of the animals in experiments to check both the whole ablation of the gland and the response to the administration of thyroxine (Tata et al. 1963 (Futterman, 1957 Animals. Young male albino rats (Wistar) of body weight 60-70g were divided into four groups. Group 1 was the control. The rats were killed 42h after the last injection. Groups 2, 3 and 4 were thyroidectomized surgically under tribromoethanol anaesthesia and the thyroid region was carefully searched at autopsy to verify the total ablation of the thyroid gland. After 6 days, the rats of group 2 were given subcutaneous injections of alkaline 0.9% NaCl every fourth day for 6 weeks. The rats of group 3 were given subcutaneous injections of 40,lg of DL-thyroxine/lOOg body wt. every fourth day for 6 weeks. (Marchetti, Pasquali & Landi, 1965 (Scrimgeour & Huennekens, 1962) .
To evaluate the effect of thyroid hormone in vitro, concentrations of DL-thyroxine ranging from 1 to 50ItM
were added to the reaction mixtures with enzymic preparations from normal rats in the absence ofsubstrates; the systems were preincubated for 30min at 370C and then the specific substrates were added. Glucose 6-phosphate dehydrogenase was determined from the rate of reduction of NADP+, observed spectrophotometrically by the increase in E340 (Glock & McLean, 1953) .
Protein was determined by the colorimetric method of Lowry, Rosebrough, Farr & Randall (1951) Thyroidectomized rats injected with a single dose of thyroxine (group 4) showed a decrease of 10-HCO-H2folate and 10-HCOfolate (P<0.001), 10-HCO-H4PteGlu, (P<0.001) and H4folate (P<0.05), whereas the liver contents of the other coenzymes were not modified.
The results in Table 2 show that liver glucose 6-phosphate dehydrogenase activity decreases in thyroidectomized rats (P<0.001). Chronic treatment with thyroxine markedly enhances this enzyme activity (P<0.001), whereas acute treatment does not modify significantly the glucose 6-phosphate dehydrogenase activity measured after 42h.
The activities of H4folate dehydrogenase and of the enzymic system that converts folate into H4folate do not appear to be significantly modified in thyroidectomized rats. Also, neither 'chronic' nor 'acute' administration of thyroxine affects these activities.
The results on the enzymes responsible for the synthesis and interconversion of C1 derivatives of H4folate (Table 3) show that serine hydroxymethyltransferase and HCO-H4folate synthetase activities were significantly lower in the liver of thyroidectomized rats compared with the controls (P<0.05). On the other hand, 5,10-CH2-H4folate dehydrogenase activity did not show significant variation.
In thyroidectomized rats and 'chronically' thyroxine-treated rats no variation was seen in the three enzymic activities. Table 3 . Effects of thyroidectomy and 'chronic' and 'acute' admini8tration of thyroxine on the liver 8eritte hydroxymethyltran8fera8e, HCO-H,jolate 8yntheta8e and 5,10-CH2-H4folate dehydrogena8e
The methods of treatment of the rats and the methods for measuring the enzymic activities were as described in the Materials and Methods section. The values are expressed as means+s.E.M. of ten observations on different animals. Significance of differences from values for normal animals: * P<0.05. In rats thyroidectomized and injected with a single dose of thyroxine, 5,10-CH2-H4folate dehydrogenase activity increased significantly (P<0.05) whereas those of serine hydroxymethyltransferase and HCO-H4folate synthetase were not changed.
Lastly, as shown in Table 4 , the addition of thyroxine at concentrations ranging from 1 to 50M in the reaction mixtures does not modify significantly the examined enzymic activities.
DISCUSSION
The values for the liver contents of folate coenzymes and the enzymic activities responsible for their synthesis in thyroidectomized rats and thyroxine-treated rats help to explain the mechanism of action of thyroid hormone on folate metabolism. First, it was shown that thyroidectomy does not influence the reductive steps that convert folate into H4folate. In thyroidectomized rats the activities of H4folate dehydrogenase and the enzymic system that converts folate into H4folate are the same as in normal rats. On the other hand thyroidectomy probably influences the processes that give rise to C, derivatives of H4folate. Serine hydroxymethyltransferase and HCO-H4folate synthetase, which catalyse respectively the transfer of the ,-carbon of serine and of formic acid to the H4folate, are markedly decreased in activity.
Although the liver of thyroidectomized rats synthesized less effectively the active forms transferring the C, unit, the liver content of these enlzymes was not changed significantly. This could be ascribed to a smaller utilization of the C1 units, since most of the metabolic processes in which folate coenzymes are involved appear to be greatly depressed in this experimental condition.
'Chronic' administration of thyroxine to thyroidectomized rats tends to normalize enzymic activities involved in the biosynthesis of these coenzymic derivatives, but it also causes a decrease in liver contents of the coenzymes.
In this case the decreased storage of folate coenzymes in the liver of the animals receiving small doses of thyroxine could be caused only by an increased utilization and not by a decreased biosynthesis as occurs in thyrotoxicosis induced by high doses of hormone (Pasquali et al. 1970) .
Also the 'acute' administration of thyroxine, which is able to restore the enzymic activities depressed by thyroidectomy and to increase some of them, does not cause any increase in the storage of coenzymes.
The results could clearly demonstrate that thyroid hormone can affect folate metabolism and especially the synthesis of its coenzymic forms. Nevertheless this could be a secondary effect; i.e. the synthesis could depend on the influence of the hormone on many metabolic processes in which these coenzymes are involved.
This hypothesis is in agreement with the observation that the addition of thyroxine in vitro does not modify the enzymic activities involved in the synthesis of folate coenzymes. Therefore the lack of this effect in vitro excludes a direct hormoneenzyme interaction.
